Photoionization of cyanoacetylene was studied using synchrotron radiation over the non-dissociative ionization excitation range 11-15.6 eV, with photoelectron-photoion coincidence techniques. The absolute ionization cross-section and spectroscopic aspects of the parent ion were recorded. The adiabatic ionization energy of cyanoacetylene was measured as 11.573 ± 0.010 eV. A detailed analysis of photoelectron spectra of HC 3 N involves new aspects and new assignments of the vibrational components to excitation of the A 2 + and B 2 states of the cation. Some of the structured autoionization features observed in the 11.94 to 15.5 eV region of the total ion yield (TIY) spectrum were assigned to two Rydberg series converging to the B 2 state of HC 3 N + . A number of the measured TIY features are suggested to be vibrational components of Rydberg series converging to the C 2 + state of HC 3 N + at ≈17.6 eV and others to valence shell transitions of cyanoacetylene in the 11.6-15 eV region. The results of quantum chemical calculations of the cation electronic state geometries, vibrational frequencies and energies, as well as of the C-H dissociation potential energy profiles of the ground and electronic excited states of the ion, are compared with experimental observations. Ionization quantum yields are evaluated and discussed and the problem of adequate calibration of photoionization cross-sections is raised.
(Received 26 January 2014; accepted 2 April 2014; published online 7 May 2014) Photoionization of cyanoacetylene was studied using synchrotron radiation over the non-dissociative ionization excitation range 11-15.6 eV, with photoelectron-photoion coincidence techniques. The absolute ionization cross-section and spectroscopic aspects of the parent ion were recorded. The adiabatic ionization energy of cyanoacetylene was measured as 11.573 ± 0.010 eV. A detailed analysis of photoelectron spectra of HC 3 N involves new aspects and new assignments of the vibrational components to excitation of the A 2 + and B 2 states of the cation. Some of the structured autoionization features observed in the 11.94 to 15.5 eV region of the total ion yield (TIY) spectrum were assigned to two Rydberg series converging to the B 2 state of HC 3 N + . A number of the measured TIY features are suggested to be vibrational components of Rydberg series converging to the C 2 + state of HC 3 N + at ≈17.6 eV and others to valence shell transitions of cyanoacetylene in the 11.6-15 eV region. The results of quantum chemical calculations of the cation electronic state geometries, vibrational frequencies and energies, as well as of the C-H dissociation potential energy profiles of the ground and electronic excited states of the ion, are compared with experimental observations. Ionization quantum yields are evaluated and discussed and the problem of adequate calibration of photoionization cross-sections is raised. 
I. INTRODUCTION
Cyanoacetylene, HC 3 N, synthesized since the early 1900s, 1 is a useful reagent in cycloaddition reactions and in the synthesis of organometallic compounds, as an intermediate in pharmaceutical chemistry, and as an important reagent in laboratory studies of nucleobase assembly. 2 It possesses one CN triple bond and one CC triple bond. It is of interest to compare its chemical structure (Scheme 1(a)) with that of two related molecules, diacetylene, C 4 H 2 , which has two conjugated CC triple bonds (Scheme 1(b)), and a central C-C single bond, and dicyanoacetylene, which has three conjugated triple bonds (Scheme 1(c)), the central bond being a C≡C triple bond. Cyanoacetylene is thus apparently closer in structure to diacetylene, but the intercalation of nitrogen orbitals with those of carbon in creating molecular orbitals creates considerable differences.
The three molecules are linear. Diacetylene and dicyanoacetylene both possess a centre of symmetry (point group D ∞h ), which is lost in cyanoacetylene (C ∞v ), making the latter more complex in electronic transitions and general spectroscopy. We have previously studied aspects of the ionization photophysics and Rydberg spectroscopy of a) Authors to whom correspondence should be addressed. diacetylene 3 and dicyanoacetylene 4 that are, like cyanoacetylene, molecules which have considerable astrophysical interest. The presence of a centre of symmetry in linear diacetylene and dicyanoacetylene prohibits observation of these molecules in the interstellar medium (ISM) by rotational microwave spectroscopy. This disadvantage does not exist for cyanoacetylene which has been observed in dark clouds 5, 6 in the ISM, including extragalactic sources, 7 as well as in hot circumstellar environments such as the outflow of the carbon star IRC + 10216. 8 Cyanoacetylene has also been observed in comets by radiofequency spectroscopy, in comet Halle-Bopp 9 and very recently (March 2013) in comet C/2012 F6 (Comet Lemmon). 10 Models of the infra-red fluorescence of cyanoacetylene in cometary atmospheres have been developed. 11, 12 One of the principal astrophysical interests of cyanoacetylene results from its observation by infrared spectroscopy in the stratosphere of Titan. 13, 14 The atmosphere of Titan consists mainly of N 2 gas. Nitrogen atoms formed by diverse dissociation processes react with other
The atmosphere of Titan is the site of photochemical processes induced by various energy sources: solar irradiation, energetic particles existing in Saturn's magnetosphere and galactic cosmic rays. These are capable not only of initiating chemistry involving neutral species but also of inducing ionization processes. 17 The photochemistry of cyanoacetylene is not only of considerable interest in the context of the atmosphere of Titan [18] [19] [20] but also in aspects of origin of life studies where it is often considered as a key molecule or cation in formation processes of biological molecules. 21 Laboratory studies of the photochemistry of cyanoacetylene have led to considerable understanding of the principal photodissociation processes. [19] [20] [21] [22] [23] [24] [25] [26] It is in these contexts that we consider it of interest to investigate the photophysics and photochemistry of cyanoacetylene in the VUV.
Using photoelectron-photoion coincidence techniques we study the photoionization of cyanoacetylene using synchrotron radiation as excitation source over the nondissociative ionization excitation range 11-15.5 eV. The absolute ionization cross-sections were measured, ionization quantum yields were evaluated, and new spectroscopic features of electronic states of the parent ion were observed and analysed. Structured autoionization features were observed in the total ion yield (TIY) spectrum and were assigned to Rydberg series converging to excited states of HC 3 N + and to valence shell transitions of cyanoacetylene. Analysis of the experimental observations was aided by quantum chemical calculations of structural and dynamic properties of the cation. Our theoretical results and analyses also led to new information on H-loss dissociation in the ground and excited states of HC 3 N + .
II. EXPERIMENTAL
Cyanoacetylene was synthesized following the procedure described initially by Moureu and Bongrand 1 and later modified. 27 It is a gaseous compound at ambient temperature (T amb ). In order to avoid polymerisation it must be stored at low pressure and/or diluted with a rare gas at T amb . For our measurements, the gas is let into a 1 litre stainless steel recipient to attain a pressure p(HC 3 N) = 50 mbar. Helium is added to yield a total pressure p TOT ≈ 3 bar. Propane (C 3 H 8 ) is also added to this mixture at the same partial pressure of HC 3 N, i.e., p(C 3 H 8 ) = 50 mbar in order to measure absolute ionization cross-sections according to the comparative method described by Cool et al. 28 and using the propane cross-section data given by Kameta et al. 29 and by Wang et al. 30 All pressures are measured with a Baratron (MKS). The absolute error of this transducer is estimated to be about ± 3%. Due to the proximity of masses m/z 51 (HC 3 N + ) and m/z 44 (propane C 3 H 8 + ) and the high extraction field used, we consider that the total experimental transmission plus detection efficiency will be the same for both ions.
The recipient is directly connected to a molecular beam inlet using a pressure-reducing regulator. The stagnation pressure was such that only a small signal of the (HC 3 N) 2 dimer was detected in the molecular beam, corresponding to 0.4% of the parent, and therefore we consider its contribution to the HC 3 N + signal via dissociative ionization to be negligible. Measurements were performed at the undulator beamline DESIRS 31 of the synchrotron radiation (SR) facility SOLEIL (St. Aubin, France). This beamline incorporates a 6.65 m normal incidence monochromator. For our measurements, we used the 200 grooves/mm grating which provides a constant linear dispersion of 7.2 Å/mm at the exit slit of the monochromator. The typical slit width used in our experiments is 100 μm, yielding a monochromator resolution of 0.7 Å under these conditions (about 6 meV at hν = 10 eV and 18 meV at hν = 18 eV). The beamline is equipped with a gas filter 32 that effectively removes all the high harmonics generated by the undulator which could be transmitted by the grating. In this work argon was used as a filter gas for all measurements below 15.75 eV. Absorption lines of the rare gas filter occur in the spectra and serve to calibrate the energy scale to an absolute precision of about 4 meV. All the data were normalized with respect to the incoming photon flux, continuously measured by a photodiode (AXUV100, IRD).
The VUV output of this monochromator is directed to the permanent end station SAPHIRS which consists of a molecular beam inlet and an electron-ion coincidence spectrometer called DELICIOUS II. The latter has been described in detail. 33 A brief description is given here: The monochromatised SR beam (200 μm horizontal × 100 μm vertical extension) is crossed at a right angle with the molecular beam at the centre of DELICIOUS II which combines a photoelectron velocity map imaging (VMI) spectrometer with a linear time-of-flight mass analyzer operating according to WileyMacLaren space focusing conditions. The spectrometer is capable of photoelectron/photoion coincidence (PEPICO) measurements where photoelectron images can be recorded for a chosen ion mass. The electron images can be treated to obtain threshold photoelectron spectra of the selected cation, and reveal its electronic structure via the Slow Photoelectron Spectroscopy (SPES) method, which has been described in Refs. 34 and 35 and will also be discussed in Sec. V A. In addition, total ion yields (TIY) as a function of photon energy can be acquired where the spectral resolution is defined only by the slit widths of the monochromator (see above).
III. THEORETICAL CALCULATIONS
Quantum chemical calculations of cyanoacetylene cation electronic state geometries, vibrational frequencies, and electronic state energies were carried out. The quantum chemical calculations were performed using the Molpro code. 36 Molecular geometries of neutral and cationic cyanoacetylene as well as the vibrational frequencies were optimized using the coupled cluster technique, including perturbative treatment of triple excitations (CCSD(T)) methods. 37, 38 DFT calculations of geometrical parameters and vibrational modes were also performed using the PBE0 exchange-correlation functional 39 with the aug-cc-pvtz basis set. As shown in Tables I and II, DFT the experimental and ab initio values of vibrational frequencies and geometrical parameters of the ground state of the cyanoacetylene cation. For this reason the DFT PBE0/AVTZ method was used for geometrical optimization and frequency calculations of the excited electronic states of the ion instead of the CCSD(T)/AVTZ method which is more time consuming. Electronic structure calculations were performed in the C 2v point group since the Molpro program does not allow calculations to be done in C ∞v symmetry. The first step is a RHF (Restricted Hartree-Fock) calculation of the electronic ground state of the HCCCN + cation. Then, the electronic structure computations were performed using the full valence complete active space self-consistent field (CASSCF) approach 40, 41 followed by the internally contracted multireference configuration interaction (MRCI). 42 We employed the aug-cc-pvtz (augmented correlation consistent polarized valence triple zeta) basis set of Dunning 43 for the carbon, nitrogen, and hydrogen atoms.
The adiabatic ionization energy of cyanoacetylene was calculated by DFT/PBE0 and CCSD(T) methods, which gave good agreement with experimental values (Appendix A, Table VIII). Vertical ionization energies were calculated by both MRCI and CASSCF techniques. The results of calculations at the CASSCF/AVTZ level of theory reproduce quite well the electronic state energies of the cation (see Appendix A, Table IX ). For this reason the less time-consuming method, CASSCF/AVTZ, was used for calculation of one-dimensional cuts of the potential energy surfaces of the ground and first three electronic excited doublet states of the HCCCN + cation along the C-H elongation pathway leading to H-loss (see Sec. IV D). Further details of the theoretical calculations and results are given in Appendix A.
IV. ELECTRONIC, VIBRATIONAL, AND GEOMETRIC STRUCTURAL PRELIMINARIES
In order to interpret the results of experiments described in Sec. II it is useful to present here information on the electronic, vibrational, and geometrical structures of neutral and ionic cyanoacetylene.
A. Electronic structure
Experimental HeI and HeII photoelectron spectra of cyanoacetylene and assignments reported by Baker and Turner 44 and Åsbrink et al. 45 have provided the following successive ionization energies and assigned molecular orbital symmetries corresponding to the ejected electrons: 11.60 eV 2π , 13.54 eV 9σ , 14.03 eV 1π , 17.62 eV 8σ , thus giving the electron configuration corresponding to the ground state of the cyanoacetylene ion as: . . . 8σ 2 1π 4 9σ 2 2π 3 X 2 . The M.O. assignments were mainly based on calculations both in Koopmans' approximation and by an ab initio many-body Green's function method.
B. Geometry
The geometrical structure of neutral cyanoacetylene has been determined by microwave (MW) spectroscopy. 46 who had studied MW spectra (and mm wave spectra for vibrationally excited states) of 10 isotopologues of HC 3 N. As expected from its electronic structure, cyanoacetylene is a linear molecule; its bond lengths as determined by Tyler and Sheridan 47 are r(N≡C) = 1.159 Å, r(C≡C) = 1.205 Å, r(C-C) = 1.378 Å, r(C-H) = 1.058 Å. There are no direct determinations of the bond lengths in the ion but we can compare values of both neutral and ion ground state bond lengths, calculated by a variety of theoretical methods. Table I , which gives the relevant data, includes the results of our ab initio calculations. The calculated internuclear distances of neutral cyanoacetylene ground state in Table I are mainly in good agreement with experiment. Although the calculated bondlengths of the X 2 ground state of the ion differ by 1%-2% in our own and the three 50, 55, 56 reported calculations, these ion state values in Table I are sufficiently different from those of the neutral molecule to allow us to validly compare the ion bondlengths with those of the neutral. This shows that in going from the neutral to the ion ground state r(N≡C) increases by about 2%-3%, r(C≡C) increases by about 3% and r(C-C) decreases by about 3%-4%), whereas in going to the A 2 + first excited state of the ion r(N≡C) decreases by about 2%, r(C≡C) remains basically unchanged J. Chem. Phys. 140, 174305 (2014) and r(C-C) decreases by about 1%-2%. Excitation to the B 2 state also modifies the internuclear bondlengths: r(N≡C) increases by 3%-5%, r(C≡C) increases about by 1%-2% and r(C-C) possibly remains basically unchanged (0%-3% increase). The bondlength changes in excitation to the C 2 + state are similar to the B 2 case, according to our calculations. The C-H bond appears to be relatively little affected in these various ionization processes since changes in r(C-H) appear to be at most increases of about 1% in formation of the X 2 , A 2 + , B 2 , and C 2 + ion states. This comparison of ground state neutral and ion corresponding bondlengths indicates that on forming the cyanoacetylene ion ground state the CN and CC stretching vibrations are likely to be excited and, furthermore, that the N≡C and C≡C bonds should acquire some measure of double bond character, thus increasing the tendency to linear structure as exemplified in cumulenes. This, and excitation to the excited states of the ion, will be further discussed later.
C. Vibrations
Cyanoacetylene has 7 normal vibrations: 4 stretching vibrations (modes 1-4) of σ symmetry and 3 doubly degenerate bending vibrations (modes 5-7) of π symmetry. The frequencies of the ground state vibrations are well known from IR and Raman studies (Table II) . Corresponding data for the cation electronic states are known from a variety of optical spectroscopy and photoelectron spectroscopy studies as well as some theoretical calculations, including our own by methods discussed in Sec. III and Appendix A. These vibrational frequency values and the corresponding references of work previous to the present study are listed in Table II . Vibrational aspects of the ion electronic states as exhibited in the PEPICO (TIY) and SPES spectra will be discussed below. The vibrational frequencies resulting from our analysis of the SPES spectra, presented below, are also given in Table II .
V. RESULTS AND DISCUSSION
We first note that the 11-15.6 photoionization energy region explored experimentally in this study is below the first dissociative ionization onset which corresponds to Hatom or N-atom loss process occurring, respectively, at 17.78 ± 0.08 eV and 17.76 ± 0.08 eV.
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A. Slow photoelectron spectroscopy (SPES) of the cyanoacetylene parent cation: Analysis and assignments
As mentioned in Sec. II, the spectrometer records massselected photoelectron images. These images are then Abel inverted using the pBasex algorithm 61 to yield photoelectron spectra at any and all the photon energies of the scan. The data are displayed in the form of an intensity matrix in Figure 1 a wealth of information that can be reduced in various ways. Energy conservation impels those electrons that are ejected into the continuum through a direct ionization process to appear as diagonal lines of constant slope (hν -IE i /KE), where hν is the photon energy, IE i is the ith state ionization energy, and KE is the photoelectron kinetic energy. As described by Poully et al., 34 one can now integrate the electron signal along the slope direction up to a certain KE for each photon energy in order to obtain the SPES, which provides cation electronic state spectra with high electron resolution without compromising the signal to noise ratio. The integration range chosen here (0 < KE < 50 meV) yields an electron resolution of ≈25 meV.
The resulting SPES for the parent m/z = 51 ion are shown in Fig. 1 (b) (α) over the range 11.3-15.5 eV. The bands in the 11.3-15.5 eV region have previously been observed by He I 44 and He II 45 photoelectron spectroscopy. Three spectral band regions, corresponding to formation of the X 2 , A 2 + and B 2 ion states can be seen between 11.6 and 14.7 eV. The band energies and assignments are compiled in Table III . Graphical zooms of the regions of interest given in Figure 2 include band assignments that are presented below. It is of interest that the X 2 state region in the SPES spectrum is much less intense, relative to the A 2 + and 45 PES spectra. This is possibly due to the fact that in SPES we measure mainly electrons close to the excitation threshold and that the ionization yield is small in the X 2 state region. Another possible partial contributing factor is the use of argon as a gas filter since there are strong Ar I resonance lines in this energy region which could affect the excitation energy flux at cyanoacetylene absorption wavelengths in this energy region.
X 2 ion state region 11.6-12.2 eV
The SPES in the X 2 ion state region is very similar to that of He I PES 44 but a little better resolved than in previous studies and so more amenable to analysis. In the first region ( Fig. 2(a) and Table III) ) and 265 meV (2137 cm −1 ) between, respectively, the first two and the second two bands in this progression can be assigned to the ν 2 (C≡N) stretching vibration whose previously reported ion ground state frequency experimental values are 2180 ± 40 cm −1 from He I PES 46 and, in a Ne matrix, 2176 cm −157 [ Table II ]. The changes in the C≡N bondlength on ionization (Table I) make it likely, Franck-Condon-wise, that ν 2 (C≡N) will be excited.
In this first region there is also a weak feature, at 12.028 eV, that is 385 meV (3105 cm band. This feature was not previously reported in PES studies. Examination shows that it is apparently hidden in the noise in published PES spectra 44, 45 as compared with our much better signal/noise SPES spectrum. The band interval of 3105 cm −1 can reasonably be considered to be the ν 1 (C-H) stretch vibration frequency whose ion ground state value has been calculated to be of this magnitude and whose experimental value in a Ne matrix is 3196.5 cm −1 (Table II) . The excitation of a weak ν 1 (C-H) feature on ionization of cyanoacetylene is to be expected from the calculated minor lengthening of the C-H bond (Table I) .
Two more very weak features, not previously reported, occur at 11.694 and 11.748 eV in the X 2 ion ground state portion of the SPES ( Fig. 2(a) ). These features have successive intervals of 411 and 435 cm −1 . They are, respectively, assigned as the 6 1 0 and 6 2 0 vibronic bands (Table III) . The mode ν 6 is a bending vibration whose neutral ground state frequency is 498.5 cm −1 (Table II) . Its decrease in the X 2 ion state is consistent with the increase of the N≡C and C≡C bondlengths and the shortening of the C-C bondlength ( Table  I) that collectively indicate a tendency towards a cumulene structure in the X 2 ion state. The excitation of a bending vibration on ionization has also been observed as weak features in the SPES of dicyanoacetylene. 4 The geometrical changes on ionization of cyanoacetylene discussed above indicate that on ionization to the X ground state one might also expect to excite the ν 3 (C≡C) stretching vibration by virtue of the lengthening of r(C≡C) on ionization. A corresponding SPES feature is not observed as a clearly defined peak but can be suspected to exist as the very weak broad signal around 11.870 eV ( Fig. 2(a) ) corresponding to ν 3 (C≡C) ≈ 1830 cm −1 ; a calculated value is 1869 cm −1 and a Ne matrix experimental value is 1852.8 cm −1 (Table II) . The SPES region between 12.5 and 13.5 eV is marked by a large number of irregular weak features. We consider them to be related to the strong autoionization features in the TIY spectrum ( Fig. 1(b) , cf. spectra α and β) rather than being instrumental noise.
The A
2 + ion state region 13.5-14.0 eV
In the second SPES region, between 13.5 and 14.0 eV ( Fig. 2(b) ) the bands are essentially the same as previously observed in HeI PES by Baker and Turner 44 and Kreile et al., 62 as well as in the He II spectra of Asbrink et al. 45 They arise by electron ejection from the 9σ M.O to form the A 2 + ion state whose O 0 0 band (vertical energy) we observe at 13.557 eV, in agreement with the PES value of 13.54 eV. 44, 45 The vibrational structure, which appears to be somewhat irregular, is better resolved than in published PES spectra. Vibrational progressions appear to be limited to a single member. Our analysis, given in Table III , is more extensive than that of Baker and Turner, who assigned only one vibration, ν 4 , in the A 2 + ion state. 44 Only one member of a C-C stretch progression in ν 4 (C-C stretch) = 895 cm −1 is found, corresponding to the band at 13.668 eV, observed also by Baker and Turner, 44 who give the ν 4 frequency as 860 ± 40 cm −1 . Our value is about 4% greater than that of the neutral cyanoacetylene ground state value, 864 cm −1 (Table II) , which is consistent with the decrease in r(C-C) on ionization to the A 2 + state. Assignments to other bands in the A 2 + ion state region (the bands in the 13.83-14 eV region are more easily discernable in Fig. 1(b) α than in the energy expanded version of (Table I ).
r The 2 1 0 band at 13.841 eV that corresponds to ν 2 (C≡N) = 2291 cm −1 . This is slightly greater than the neutral ground state value, ν 2 (C≡N) = 2271 cm −1 , and is consistent with a calculated decrease in r(C≡N) in the A 2 + ion state as compared with the value in the neutral species (Table I) .
r The 1 1 0 band at 13.952 eV which corresponds to ν 1 (C-H) = 3186 cm −1 . The 4% decrease in frequency as compared with the value in the neutral ground state (Table II) is consistent with our PBE0/AVTZ r(C-H) calculations (Table I) , and also with the ab initio calculations of Mendes et al. 50 The spectral structure irregularities in this spectral region are reminiscent of vibronic interactions but the situation is not clear and merits theoretical investigation, including the possibility of interaction between the A 2 + state and quartet states. In this respect it is of interest to mention two observational results: (i) absorption spectra of HC 3 is not observed in the gas phase 63 in spite of the fact that the first dissociation limit is at a much higher energy than the A 2 + state. This provides evidence for fast internal conversion from A 2 + either directly by vibronic coupling to high vibrational levels of the ground state of the ion, similar to the case of the acetylene ion, 64 or possibly via a quartet state. In the case of the related species, the diacetylene cation, calculations 65 demonstrate the likely existence of quartet states that lie close to the minimum energy of the first electronic excited state, A could indeed be responsible for the apparent irregularities in our SPES spectra. (Table III) , in fair agreement with the 14.03 eV PES value of Baker and Turner. 44 Vibrational structure in the HeI PES has been assigned by Baker and Turner to two regular progressions involving the excitation of two vibrations ν 2 (C≡N) = 1940 ± 40 cm −1 and ν 4 (C-C) = 810 ± 40 cm −1 . In our B 2 state SPES region the vibrational features appear to be more irregular than would be expected from the BakerTurner assignments. However, close inspection of the BakerTurner PES 44 confirms the somewhat irregular spacings of the vibrational features we observe in our SPES in this spectral region (Table III) . Our values for the two vibrations assigned by Baker and Turner are ν 2 (C≡N) = 2033 cm −1 and ν 4 (C-C) = 774 cm −1 . The lowering of ν 2 (C≡N) and ν 4 (C-C stretch) with respect to their neutral ground state values (Table II) is consistent with the bondlength changes on ionization to the B 2 ion state (Table I) . Two other vibrations are assigned in our B 2 region SPES spectrum, ν 1 (C-H) = 3130 cm −1 , whose value is consistent with the calculated 1% increase in r(C-H) (Table I) , and ν 3 (C≡C) = 1742 cm −1 , which is also consistent with bondlength changes on ionization to the B energy difference of 2.402 eV, whereas our SPES spectrum provides a value of 2.410 eV. Taking into account the precision of our SPES measurements, this would represent a Ne matrix shift nominally of 8 ± 9 meV, which is consistent with the less than 30 meV previously observed for Ne matrix shifts of electronic transitions of molecular ions. 66 The SPES band at 14.149 eV, at 774 cm 0 features, with which we concur but remark the discrepancy between the values of ν 4 in the Ne matrix and our gas phase SPES spectrum, possibly due to matrix effects on vibronic coupling phenomena. New vibrational frequencies are those of the bending vibrations ν 5 = 789 cm −1 and ν 6 = 520 cm −1 . The relative importance of these bending vibrations could also result from vibronic interactions. However, further work, both experimental and theoretical, is required to validate the proposed assignments of the absorption spectrum.
B. TIY spectra of the cyanoacetylene parent cation: Analysis and assignments
Integration of all the photoelectron kinetic energies as a function of the photon energy, performed on the photoelectron matrix in Figure 1(a) , gives the Total Ion Yield (TIY) spectrum of the parent ion, plotted in Figure 1 (b) β between 11.6 and 15.5 eV and presented in more detail in Figure 3 for the region 12.2-15.6 eV. Before presenting the analysis of this spectrum we first discuss the determination of the photoionization cross-sections and estimation of ionization quantum yields.
Ionization cross-sections and quantum yields
a. Calibration of ionization cross-sections. In Sec. II we mentioned that our cyanoacetylene ionization cross-sections were determined by a calibration method 28 based on the ionization cross-sections of propane. Recent measurements of the ionization cross sections (σ ion ) of propane are by two different groups Kameta et al. 29 and Wang et al. of propene as a standard which is stated to have been accurately measured by Person and Nicole in 1970. 67 The propane ion yield curve of Kameta et al. differs by a varying factor of 2.0-1.2 from that of Wang et al. over the energy range 11.6-12.5 eV. This difference cannot be easily explained.
In view of the importance of valid calibration we compared our own propane ionization yield curve with that of Wang et al. (Fig. 4) . In this figure is plotted the ratio of our measured propane ion yields to those of Wang et al. 30 as a function of photon excitation energy between 11.6 and 12.5 eV. The average value (solid line) was then applied for absolute normalisation. The dispersion of the data is rather b. Photoionization cross-section and quantum yields. In Figure 5 we show the cyanoacetylene absorption spectrum (Fig. 5(a) ), measured earlier, 68 and our absolute TIY spectrum whose ionization cross sections were calibrated using the propane data from both Wang et al. 30 ( Fig. 5(b) ) and Kameta et al. 29 ( Fig. 5(c) ). Calibration with Kameta et al. was restricted to the cross-section value at 11.65 eV, so that the cyanoacetylene ion yield curves b and c in Fig. 5 consequently differ by a constant factor of 2 in the cross-section values. Except in the immediate ionization threshold region, the TIY spectrum is closely similar to, but better resolved than, the VUV absorption spectrum of Ferradaz et al. 68 in the same energy region. We can estimate the ionization quantum yield i at specific excitation energies by application of a rule of thumb 69 which states that, especially in the case of large polyatomic molecules, the ionization quantum yield i tends to become a quasi-linear function of excitation energy in a range up to ≈9.2 eV above the ionization energy, where it reaches i ≈ 100%. This can be also be demonstrated by integration of HeI photoelectron spectra. 70 On the basis of this rule of thumb 69 we estimate the ionization quantum yield of cyanoacetylene to be about 37% at E exc ≈ 15 eV, so that about 63% of the photon excitation would be to non-autoionizing superexcited states at this energy. Superexcited states can, in general, undergo a variety of relaxation processes, besides autoionization and dissociative autoionization, such as relaxation from stable or dissociative neutral excited states. This includes participating as reaction intermediates or in collision complexes in electron-ion recombination, electron attachment and Penning ionization. 71 At E exc = 15 eV, which is below the dissociative ionization threshold of cyanoacetylene, 60 the total ionization cross-section is 16 × 10 −18 cm 2 using the propane crosssection data of Kameta et al. 29 ( Fig. 5) . The VUV absorption measurements on cyanoacetylene (Fig. 5(a) ) gave 57.3 × 10 −18 cm 2 for the photoabsorption cross-section in the 15 eV region. 68 The ionization quantum yield at this photon excitation energy is thus 28%. This is smaller than the ionization quantum yield predicted by the rule of thumb of Jochims et al. 69 On the other hand, using σ ion of propane from Wang et al. 30 we calculate i = 56% at 15 eV, which is higher, by about 20%, than the rule of thumb estimate. At this stage we cannot make a definitive conclusion on i and further work is required to clarify the inconsistency of propane ionization cross-section data in the literature.
Ionization energy of the ground state
From the TIY spectrum of the parent ion HC 3 N + at m/z = 51 ( Fig. 1(b) spectrum β) we measure an adiabatic ionization energy IE ad (HC 3 N) = 11.573 ± 0.010 eV. The rise of the ion signal to the onset of a semi-plateau is consistent with IE vert = 11.643 eV determined from our SPES spectrum (see Sec. V A 1). The difference between the adiabatic and maximum values of the origin band is attributed to the spectrometer's electron kinetic energy resolution and the FranckCondon overlap between the neutral ground state and ion ground state v = 0 levels.
Adiabatic and vertical ionization energies were calculated with various methods (Appendix A). The CCSD(T)AVTZ based calculations, which include zero point vibrational energy (ZPE) corrections, gave IE ad (HC 3 N) = 11.57 eV and IE vert = 11.63 eV, in excellent agreement with our experimental values, while the results of DFT/PBE0 calculations, IE ad (HC 3 N) = 11.30 eV and IE vert = 11.40 eV, were ≈250 ± 20 meV smaller than the experimental values (Appendix A).
The 74 Harland 60 in a "monochromatic" electron impact study obtained IE ad = 11.56 ± 0.04 eV, which is in excellent accord with our TIY value. We note also an early Rydberg series value IE = 11.60 eV. 75 Calculations by Mendes et al. give the difference between IE vert -IE ad = 130 meV, 50 whereas our CCSD(T) based calculations give 60 meV, in good agreement with our SPES/TIY determined value 70 ± 20 meV (Appendix A).
Heat of formation of HC 3 N

+
Using the heat of formation of f H(HC 3 N) = 354 kJ/ mol (3.668 eV), determined by Harland from ion appearance energy measurements in an electron impact study, 60 our cyanoacetylene ionization energy leads to a value of the heat of formation of the cyanoacetylene ion f H(HC 3 N + ) = 1471 kJ/mol (15.241 eV) in good agreement with the value 1469 kJ/mol quoted by Holmes et al. 76 Nevertheless, we consider f H(HC 3 N) to be uncertain, as can be seen from the following review of published experimental and theoretical values of f H(HC 3 N), detailed here because of the fundamental physico-chemical and cosmochemical importance of having a valid value of the heat of formation of cyanoacetylene and its cation.
Lias et al. 77 give f H(HC 3 N) = 351 kJ/mol based on the Harland "experimental" value reported by Knight et al. 78 Okabe and Dibeler 79 give f H(HC 3 N) = 355 ± 5 kJ/mol based on photoion appearance energies (their value is reported incorrectly as 398 ± 4 kJ/mol by Francisco and Richardson in their study of the heat of formation of cyanoacetylene 80 ). A number of theoretical calculations of f H(HC 3 N) have been made. A MINDO calculation gave f H(HC 3 N) = 342.8 kJ/mol and f H(HC 3 N + ) = 1404.5 kJ/mol, 81 whose difference gives IE(HC 3 N) = 11.0 eV, which is ≈ 600 meV smaller than our experimental value of the ionization energy. A group-additivity dermination resulted in f H(HC 3 N) = 380 kJ/mol, with an uncertainty of 20 kJ/mol. 82 Ochterski et al. 83 obtain 384.6 kJ/mol via the atomization energy approach, while a Gaussian-4 level calculation of f H(HC 3 N), also using atomization energies, gave a different value, 372.0 kJ/mol. 84 We note also the ab initio calculations of Francisco and Richardson at the Gaussian-2 theory level which give 382 ± 8 kJ/mol, while an isodesmic reaction evaluation gives 379 ± 8 kJ/mol. 80 Using an enthalpic shift procedure Golovin 89 The reported experimental and calculated values of IE(CN) just mentioned thus cover the wide range 13.598-14.5 eV. We note also that a quite thorough report dating from 1965 elaborates the determination of eight different values of IE(CN) and recommends the lowest value, IE(CN) = 13.4 eV. 90 There is therefore an urgent need for a definitive determination of IE(CN).
The dependence of the heat of formation of HC 3 N on f H (C 2 H) is difficult to resolve quantitatively since the NIST compilation 86 gives two widely different values, f H (C 2 H) = 477 kJ/mol 94 and 556 kJ/mol. 95 (The book of Holmes et al. 76 lists the following values, which do not appear to be valid: f H(C 2 H) = 594 kJ/mol and IE(C 2 H) = 10.64 eV, reported as being from the NIST compilation). Lias et al. 77 give f H(C 2 H) = 565 ± 4 kJ/mol from Ref. 96 and IE(C 2 H) = 11.7 eV. NIST 86 gives IE (C 2 H) = 11.61 ± 0.07 eV, basically from the PEPICO study of Norwood and Ng 97 . A more recent value, IE (C 2 H) = 11.645 ± 0.0014 eV 98 is based on a determination of the threshold energy for formation of C 2 H + from acetylene, while a recent ab initio calculation gave IE (C 2 H) = 11.652 eV. 99 An early review of the difficulties of determining f H(C 2 H) and IE (C 2 H) occurs in chapter VI of the book of Berkowitz.
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From the above discussion it is clear that many questions concerning CN and C 2 H are still unresolved and require further investigation before conclusive values of f H(HC 3 N) and f H(HC 3 N + ) can be obtained.
Autoionisation structures
A series of bands are observed in the TIY spectrum of the parent ion between 11.6 eV and the observation limit at 15.6 eV (Figs. 1(b)β and 3 and Table V ). These bands must be autoionization features since, as seen in Figure 1(b) , they occur at fixed photon energies and their electron kinetic energies ( Fig. 1(a) ) do not follow lines of constant slope as in direct ionization. Band assignments are given in Table V and in Figure 3 . As mentioned earlier, except in the immediate ionization threshold region, the TIY spectrum is closely similar to, but better resolved than, the VUV absorption spectrum of Ferradaz et al. 68 in the same energy region (Fig. 5) . The broad asymmetric features peaking at 11.930 and 12.179 eV in the TIY spectrum (Figs. 5(b) and 5(c) and Table V) correspond to the 11.914 and 12.179 eV features of the SPES spectrum ( Fig. 1(b) There follows a series of much sharper bands in the TIY spectrum, beginning with the feature at 12.446 eV (Fig. 3 and Table V ). This feature is assigned to the n = 3 member of a Rydberg series R2, quantum defect δ = 0.094. The next strong band, at 12.553 eV is assigned to the n = 4, δ = 1.0, member of another Rydberg series, R1, for which we assign the n = 4-10 bands in Table V . Both series, R1 and R2 (n = 3-8 assigned), converge to the B 2 O 0 0 ion state level at 14.057 eV. We note that an additional member of the R1 series, the n = 3 member of the R1 series is observed below the X 2 ionization limit as a band at 85 675 cm −1 (10.622 eV) in the absorption spectrum of HC 3 N measured by Ferradaz et al. 68 and assigned as n = 3, δ = 0.99 by Mendes et al. 50 . The latter took IE(B 2 ) = 14.03 eV, the HeI PES value of Baker and Turner, 44 in calculating the quantum defect. With our extensive set of n = 3-10 assigned R1 series of Rydberg bands we obtain a more precise IE(B 2 ) = 14.057 eV, as found also with the R2 series limit, in fitting the whole set of Rydberg bands to the formula T(n) = I -R/(n − δ) 2 , where T(n) is the Rydberg term value of principal quantum number n, I the ionization energy and R the Rydberg constant. We remark that the R2 series has no precursor in the three-photon REMPI spectra of HC 3 N measured by Mendes et al. 50 nor is one reported in the HC 3 N absorption spectrum of Ferradaz et al. 68 analysed by Mendes et al. 50 In Table V we also list vibronic components of the R1 series in which progressions of the ν 4 (C-C stretch) vibration are observed. We assign a series nsσ , has also been listed for the n = 3 member in the absorption spectrum 50 but these n = 3 vibronic assignments can be questioned since the reported ν 4 vibronic band intervals, respectively, 1052 and 962 cm −1 are considerably greater than our or previously observed values of ν 4 (C-C stretch) for the B 2 state (Table II) . Progressions in ν 4 (C-C stretch) are not observed for the R2 series in the TIY spectrum but they could be present, overlapping some of the R1 series bands. Much higher resolution studies are necessary to clarify the situation.
The Our assigned R1 Rydberg series n = 4-10, have quantum defects δ = 0.92-1.10, while for the R2 Rydberg series n = 3-8, δ = 0.03-0.10 ( Table V) . The R2 series bands for n > 4 overlap those of the R1 series. The R1 series most probably corresponds to states derived from ns electrons, and the R2 from nd electrons, the latter giving rise to transitions such as (ndπ ) 1 + ← 1 + or (ndδ) 1 ← 1 + which are expected to have quantum defects of the order of magnitude observed for the R2 series. 101 We note that on the basis of the united atom model, 93 with argon considered as the united atom valid for HC 3 N, the strongest Rydberg transitions in cyanoacetylene are expected to involve only ns and nd Rydberg series. 50 
Photoelectron spectra
It is of interest to analyse the relaxation pathways by measuring the electron kinetic energy. Figure 6 displays KE projections for the photon energies corresponding to selected Rydberg ( Fig. 6(a) ) and valence ( Fig. 6(b) ) bands as well as some non-assigned but possible Rydberg band features (Fig. 6(c) ). The spectra at specific band excitation energies will contain two components, a background component due to direct ionization and a resonance component due to autoionization. In the latter case the ionizing transition is indirect, in that it now occurs from a superexcited neutral state lying above the ionization energy.
In Fig. 6 (a) the photoelectron spectra associated with Rydberg Band Nos. 6, 8, 23, 24, 32, and 36 in Table V (TIY  spectrum) correspond to increasing values of the principal quantum number n of the two series R1 and R2. The bands become broader as n increases, which may indicate an evolving decrease of the Rydberg state lifetimes with increasing principal quantum number. The valence state spectra, Bands Nos. 12, 13, 15, 18 and 19 ( Fig. 6(b) and Table V) discussed in Sec. V E, are little changed with increasing internal energy, indicating constant lifetimes on the scale of our energy resolution, and thus a set of similar vibronic couplings to the ionization continuum. Fig. 6(c) gives the photoelectron spectra associated with Bands 47, 49, 55, 58, 61, and 62 (Table V) 
C. Further Rydberg transitions
In this section we discuss some aspects of other Rydberg transitions in cyanoacetylene. We note first of all the absence of Rydberg bands converging to A 2 + state in the   FIG. 6 . Cyanoacetylene: photoelectron spectra at different fixed photon energies corresponding to the band numbers (N) referenced in Table V . See text for description.
TIY spectrum and none have been reported in the absorption spectra of HC 3 N. 50, 79, 102 We have previously mentioned the absence of A 2 + ← X 2 HC 3 N + absorption features in the Ne matrix work. 59 However, we think it would be worthwhile re-investigating parts of the absorption spectra assigned by Mendes et al. 50 in order to verify the presence or absence of Rydberg bands converging to A 2 + state of HC 3 N. Two other energy regions of the HC 3 N TIY spectra merit the following discussion of Rydberg series aspects.
Rydberg bands converging to the C 2 + state?
There are features in the 14.7-15.6 eV region of the TIY spectrum, in particular the six bands Nos. 47 45 PES spectra exhibit a series of vibronic bands, maximum intensity at 18.2 ± 0.1 eV, extending from 17.62 eV to the beginning of a continuum at about 18.6 eV. The average interval of these bands is of the order of 1320 cm −1 according to Baker and Turner 44 (see also the discussion in Appendix B). They assigned this interval to the ν 1 (C-H) vibration whose frequency is greatly diminished with respect to the neutral species (Table II) .
We suggest that the 15.2 ± 0.4 eV TIY region could correspond to n = 3 members of Rydberg series converging to the C 2 + ion state. In this case the TIY spectrum should exhibit vibrational structure similar to that of the C 2 + (8σ → 2π ) state PES band. To verify this requires more extensive TIY spectra and higher resolution PES spectra than available at present. Here we consider some aspects of Rydberg series converging to vibronic components of the X 2 ion state. For this we have re-examined the photoionization yield curves for HC 3 N in the 11.59-11.98 eV region measured with a hydrogen discharge VUV light source by Okabe and Dibeler. 79 Their parent ion yield spectrum is much better resolved than our TIY spectrum in this energy region. Okabe and Dibeler reported a series of features corresponding to n = 8-14 and n = 8-15 members of two Rydberg series, converging to the 2 1 vibrational level of the X 2 state, with quantum defects δ = 0.95 and 0.55, respectively, and an X 2 2
1 Rydberg limit of 96 073 cm −1 (11.912 eV). We note that this limit agrees well with our X 2 2 1 SPES band at 11.914 eV (Table III) . Individual photoionization yield peak energies were not listed by Okabe and Dibeler.
We enlarged Fig. 4 of the Okabe and Dibeler PIY curve 79 and measured the energies of 20 peaks between 11.59 eV and 12 eV. The values reported in Table VI should be considered as subject to measuring errors of the order of 5 meV. These 20 features include the Rydberg bands, assigned by Okabe and Dibeler, which converge to the ion ground state X 2 2 1 0 vibronic level at 11.914 eV. There are also some bands in the 11.88-11.98 eV region that can be considered to form part of unanalysed Rydberg series converging to the X 2 2 2 0 vibronic level at 12.179 eV as limit. The separation, for example, between the bands at 11.652 and 11.924 eV is 2187 cm −1 , which is compatible with a ν 2 vibrational frequency in the X 2 ion state (Table II) . In order to see whether the Okabe/Dibeler bands listed in Table VI are also present in our much less well resolved TIY spectrum we noted the successive intensity maxima in the TIY ion counts as a function of excitation energy in the energy range 11.64-11.98 eV. The energies of these maxima are also listed in Table VI . There is reasonable agreement, generally to within ±4 meV, between the two sets of energies, taking into account the manner of measurement in both cases and noting that the measurement interval of Okabe and Dibeler in the 12 eV region was 11 meV, whereas our TIY measurement interval was 4 meV. The largest difference, 9 meV, between the two measurement sets of Table VI, concerns the unassigned broadest feature in these series of bands, peaking at 11.924 eV on a sharply rising curve in the Okabe/Dibeler spectrum. Using the measured values we were unable to make satisfactory consistent quantum defect fits to the two Rydberg series equations published by Okabe and Dibeler. 79 This illustrates the very great sensitivity of the quantum defect in the Rydberg formula to the energies of bands corresponding to high values of the principal quantum number n. In addition to the measurement limitations and uncertainties, part of the fitting difficulty could also be due to irregularities in the Rydberg levels due to electronic and vibronic interactions. We mention that Mendes et al. 50 have assigned some of the absorption bands of Ferradaz et al. 68 to lower members, n = 3-5, of three Rydberg series converging on the X 
D. H-loss channels
Although our calculation of the vertical excitation energy for the C 2 + state is in excellent agreement with the HeI PES study of Baker and Turner 44 (see Appendix A), our calculation of the C 2 + state ν 1 (C-H) frequency (Table II) results in a value, 3347 cm −1 , far from the ν 1 ≈ 1320 cm −1 reported in the same study. We note, however, that a close examination of this PES band (expanded Fig. 11 of Ref. 44) indicates that the initial peak intervals ν are of the order of 1600 cm −1 up to the band maximum at 18.2 ± 0.1 eV and become much smaller, ν ≤ 900 cm −1 , above 18.4 eV. A more refined theoretical calculation, which explores the potential energy surface leading to C-H dissociation was required in order to clarify this question. This was carried out by the methods described in Sec. III, not only for the C 2 + state but also for the ground X 2 and the first two electronic excited states of the ion, A 2 + and B 2 . In this section we discuss the results that provide new information on the Hloss dissociation channels for these states. The results concerning the C 2 + state ν 1 (C-H) frequency are presented in Appendix B. Figure 7 (a) shows the potential energy profile for the ground and three excited electronic states of the cyanoacetylene ion along the C-H elongation channel between r(C-H) = 0.6 and 3.0 Å. The calculations were carried out up to r(C-H) = 9Å and 10 Å which were at the dissociation limits since there were no differences in the state energies at these two internuclear distances. The calculated C-H dissociation limits were respectivement 5.82 eV (X 2 ), 7.16 eV (A 2 + ), 6.98 eV (B 2 ), and 7.33 eV (C 2 + ). The calculated C-H dissociation energy for the X 2 state, 5.82 eV, is in reasonable agreement with the experimental value D(C-H) = 6.22 eV of Harland 60 who observed AE (C 3 N + ) = 17.78 ± 0.08 eV in an electron impact experiment on cyanoacetylene. It is also of the same order of magnitude as the corresponding calculated value (there is no direct experimental value) for neutral linear cyanoacetylene. Some representative calculated values of the neutral molecule C-H dissociation energy are 5.70 ± 0.08 eV 103 and 5.99 ± 0.09 eV 80 but these are both based on a calculation of f H(C 3 N), for which a wide variety of values have been reported. More relevant is a recent calculation, by a scaled hypersphere search method, of the potential energy surfaces of dissociation channels for the linear and cyclic isomers of HC 3 N. 104 All dissociation channels of the isomers were found to correspond to direct decomposition without transition states. For the linear form HCCCN the hydrogen-loss channel dissociation energy was 5.518 eV whereas for four different cyclic isomers the D(C-H) values were in the range 2.3-3.5 eV.
The C-H dissociation channel profiles of the A 2 + and B 2 states of the ion the lead to dissociation energies whose 105 at the B3LYP/6-311 + G(3df) level of theory, with relative energies and electronic states determined at the CCSD(T)/aug-cc-pVTZ level. The data in Table VII, states at about r(C-H) = 3.6 Å. Table VII also predicts the dissociation limit of the C 2 + state to lie 347 meV above that of the A 2 + state, in reasonable agreement with the value 516 meV of our calculated difference of dissociation limits between these two states.
We note that in the electron impact experiment of Harland 60 a second onset (sharp rise) was observed at 18.64 ± 0.08 eV in the C 3 N + yield curve, i.e., 860 ± 160 meV above the first dissociation limit. This is of the same order of magnitude as the difference between the calculated dissociation limits of the ground state A 2 and the B 2 state, 1160 meV. We remark that the experimental set-up of Harland would allow for a metastable excited state C 3 N + to be recorded.
Up to now we have considered the C 3 N + product to be linear or quasi-linear. However, another possibility is that on dissociation from the electronically excited states of the cyanoacetylene ion the C 3 N + ion is formed in a cyclic isomeric form. Harland 105 discussed above, indicated that for the linear isomer of C 3 N + , a quasi-linear excited singlet state should exist at 598 meV above a triplet ground state (Table VII) , whereas for two cyclic isomers their ground electronic states should lie at, respectively, 1105 meV and 1534 meV above ground state of the linear isomer. As dissociation products, a linear C 3 N + excited electronic state and an unexcited cyclic C 3 N + isomer are thus each compatible with the ion yield experimental 60 data. In this respect we mention also that Selected-Ion Flow Tube (SIFT) studies of the reactions of C 3 N + with a number of different molecules have provided evidence for the existence of one major (≥90% in some cases) and one minor (≤10%) different reactive forms of C 3 N + . 78, 109 This is based on the observation of differences in ion/molecule reaction rate coefficients for the two C 3 N + species. Petrie et al. 109 consider that the less reactive form could not be an excited form of the major (linear) component, arguing that electronic excitation energy should also promote its reactivity. However, we consider that this argument loses its absoluteness in the present case where the excited states of quasi-linear C 3 N + in the relevant energy region are singlet states and so have a different spin multiplicity from that of the ground state.
E. Valence shell transitions
There are a number of features in the TIY spectrum, in particular in the 12.6-13.1 eV region that have not been assigned to Rydberg series ( Fig. 3 and Table V) . Some of these features can be considered as arising from valence shell transitions. Information on such transitions in cyanoacetylene can be obtained from Connors et al. 102 who carried out molecular orbital calculations of valence shell transitions in the 31 800-106 000 cm −1 (3.94-13.14 eV) region, using the CNDO/2 method. In the energy region above the first IE there are calculated to be 3 dipole transitions of interest, two of which are to excited 1 + states and one to a state of the ion, taking into account measurement error bars. We note also that practically all of the TIY features listed in Table V have their counterparts in the VUV absorption spectrum (Fig. 5) .
Further work is required in order to deepen our analysis of the autoionizing features in the TIY spectra. In particular, more sophisticated calculations of the high energy valence transitions of HC 3 N are necessary, as well as higher resolution absorption spectra of cyanoacetylene in the 11-15 eV region which would help to sort out features arising from autoionization and direct ionization and enable us to clarify and confirm the Rydberg and valence transitions.
F. Some Astrophysical implications
Possible astrophysical applications of our results presented in Secs. V A-V E concern mainly the spectroscopic and thermochemical data, the photophysical excitation mechanisms, the determination of ionization cross-sections, and their relation to absorption phenomena. These data can be crucial for use in cosmochemical reaction schemes applied to different astrophysical contexts, planetary (Titan), circumstellar and interstellar as well as for the interpretation of cometary observations.
The ionization quantum yield i of a molecular species and its variation at specific excitation energies is a particularly important property to measure that needs to be taken into account in astrophysical chemical reaction schemes. In Sec. V B 1 b we have used a rule of thumb 79 to estimate i values of cyanoacetylene at specific photon excitation energies. We remark that the cyanoacetylene cation is very stable under VUV irradiation. The first dissociative ionization process occurs at about 18 eV, 60 i.e., at over 6 eV above the ionization energy, and about 4.4 eV above the astrophysical HI region energy upper limit, 13.6 eV. Thus if HC 3 N is formed in HI regions of the interstellar medium (ISM) it should have no tendency to undergo dissociative ionization in these regions.
VI. CONCLUSION
Cyanoacetylene and its cation are important species whose presence in astrophysical sites is expected or observed.
In particular these species play a role in the atmosphere of Titan where they are subject to charged particle and photon irradiation. The effects of VUV radiation on cyanoacetylene were studied using synchrotron radiation combined with electron/ion coincidence techniques over the excitation range 10-15.6 eV. A detailed analysis of the SPES spectrum in the 11.0-15.5 eV excitation energy region was carried out. The X 2 ground state of the cation shows an onset at IE ad = 11.573 eV in the TIY spectrum, in reasonable agreement with previous PES and electron impact values. The heat of formation of the cyanoacetylene cation is uncertain, due to ambiguous values of the heat of formation of neutral HC 3 N. There are vibrational components in the SPES spectra in the 11.6-12.2 eV X 2 region which involve the ν 1 (C-H), ν 2 (N≡C), ν 3 (C≡C), and ν 6 (bend) frequencies.
Analysis of SPES features in the 13.5-14.0 eV spectral region provides new aspects, including refined ionization energies and new assignments of vibrational components to the excited A 2 + state, whose origin band is at 13.557 eV. Excitation of the ν 1 (C-H), ν 2 (N≡C), ν 3 (C≡C), ν 4 (C-C), and ν 6 (bend) vibrations is observed. The possible existence of vibronic interactions involving the A 2 + state is invoked to explain spectral irregularities. The B 2 excited state at 14.053 eV exhibits vibrational components in which ν 1 (C-H), ν 2 (N≡C), ν 3 (C≡C), and ν 4 (C-C) are excited. We also discuss information on three bending vibrations ν 5 , ν 6 , and ν 7 in the B 2 ion state obtained, in part, by re-analysis of published Ne matrix absorption spectra of the cyanoacetylene cation.
A considerable number of autoionization features is observed in the Total Ion Yield spectrum of the parent ion between 11.6 eV and the 15.6 eV observation limit. The total photoionization cross-section has been measured over this photon energy range and the problem of appropriate crosssection calibration has been discussed. The structured autoionization features bear a close resemblance to the VUV absorption spectrum of cyanoacetylene in this spectral region. We have assigned for the first time many of these TIY features to members of two Rydberg series, ns and nd respectivement, which converge to the B 2 O 0 0 ion state level at 14.057 eV. Vibronic components in ν 4 (C-C) are also observed and fully analysed. Some aspects of the autoionization processes were monitored via photoelectron kinetic energy spectra measured at a number of specific photon excitation energies.
Some further aspects of Rydberg series in cyanoacetylene are also discussed, in particular very weak features in the TIY spectrum that are assignable to Rydberg series converging to the 2 1 vibrational level of X 2 , and clearly observed bands in the 14.7-15.6 eV region which are possibly Rydberg vibronic bands converging to the C 2 + ion state at 17.62 eV. Consideration of the vibrational structure of the C 2 + state has led us to investigate theoretical aspects of the H-loss dissociation channels of the ground and three excited electronic states of the ion.
We conclude with a short discussion of our work and results in the context of implications for astrophysics. The possible astrophysical applications concern mainly the stability of cyanoacetylene under VUV irradiation, the spectroscopic aspects, in particular the extensive Rydberg series, photophysical excitation mechanisms, the determination of ionization cross-sections, and their relation to absorption phenomena, as well as to the determination of ionization quantum yields as a function of excitation energy which is an important factor in many cosmochemical reaction schemes. Aspects of the theoretical calculations that have been useful in our study are presented in two appendices.
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We are indebted to the general staff of SOLEIL for running the synchrotron radiation facility, and in particular to J. 2%-8% compared to experimental values, which is in line with usual comparisons between harmonic and anharmonic molecular vibrational frequency values. The frequencies obtained by our CCSD(T) calculations are close to those given by PBE0 methods (differences of no more than 1%) as well as to the DFT calculation values reported by Lee 55 and by Zhang et al. 56 We used the less time-consuming PBE0/AVTZ method in vibrational mode frequency calculations for the A, B, and C excited electronic states of the cation. Our calculations represent the first theoretical determinations of the vibrational frequencies of these excited electronic states of the cyanoacetylene cation. The PBE0/AVTZ calculations reproduce reasonably well the known experimental vibrational frequencies for these states. Differences between experimental and calculated values are partially due to the fact that the calculations are of harmonic frequencies but they can also imply doubtful vibrational assignments or the existence of particular potential energy surfaces such as in the case of ν 1 (C-H) in the C 2 + state, discussed in Sec. V D and Appendix B.
Ionization energy calculations
The ionization energy calculations were carried out by two different methods, DFT/PBE0 and CCSD(T), with the AVTZ basis set. The vertical ionization energies (IE vert ) values were calculated as the difference between the energies of the neutral and the cation, both taken at the equilibrium geometry of the neutral. The adiabatic ionization energies (IE ad ) values were deduced as the energy difference between the neutral and the ion at their respective equilibrium structures, and including zero point vibrational energy (ZPE) corrections. Agreement with the experimental lowest ionization energies IE ad and IE vert is particularly good for the CCSD(T) calculations (Table VIII) .
Calculations of the vertical excitation energies relative to the X 2 state of the ion were carried out by the CASSF/AVTZ and MRCI/AVTZ methods. The calculated values did not include Zero Point Energy contributions but are in good or reasonable agreement with experimental values (Table IX) 60 for the dissociative ionization reaction HC 3 N + hν = > C 3 N + + H would then correspond to a C-H dissociation energy of 160 meV in the C 2 + state. This is rather less than the 560 meV we calculate (Sec. V D).
Examination of a magnified version of the 16-19 eV portion of the He I PES of Baker and Turner ( 2 + state we first note that a close examination of the C 2 + PES band (expanded Fig. 11 of Ref. 44) indicates that the initial peak intervals are of the order of 1600 cm −1 up to the band maximum at 18.2 ± 0.1 eV and become much smaller, ≤900 cm −1 above 18.4 eV. We now consider Figure 7 (c) which is an expanded version of the potential energy profile between r(C-H) = 0.9 and 1.43 Å. It shows evidence of curve-crossing in the 1.15 Å region between an energy surface initially rising to a C-H dissociation limit of several eV and a dissociative potential energy surface leading to the limit which experimentally is at 18.64 eV in Harland's study. 60 We can therefore rationalise the fact that our calculated (harmonic) frequency is ν 1 (C-H) = 3347 cm −1 for the C 2 + state whereas the frequency assigned by Baker and Turner 44 is 1320 cm −1 , by noting that our calculation is for the harmonic region of the potential energy surface close to the equilibrium structure region whereas the Franck-Condon vibrational overlap parameters creating the He I photoelectron spectrum profile in the C 2 + state region mainly explore the shallow energy profile beyond the curvecrossing region.
We used a simple model to confirm this conjecture. Figure 7(c) shows that there are two minima in the C-H potential energy profile, one at r 1 (C-H) = 1.0776 Å, which we associate with the calculated harmonic frequency ν 1 (C-H) = 3347 cm −1 , and another at r 2 (C-H) ≈ 1.37 Å. Using Badger's rule, 110, 111 that relates vibrational mode frequencies (bond force constants) in different electronic states of the same polyatomic molecule, we determined that at r 2 (C-H) ≈ 1.37 Å the C-H potential energy profile corresponds to ν 1 (C-H) ≈ 1465 cm −1 . Since this profile is very anharmonic, it is reasonable to expect the higher energy levels of the C 2 + state ν 1 (C-H) mode to have further decreasing vibrational frequencies.
